Sibling Species in Montastraea annularis, Coral Bleaching, and the Coral Climate Record
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Measures of growth and skeletal isotopic ratios in the Caribbean coral Montastraea annularis are fundamental to many studies of paleoceanography, environmental degradation, and global climate change. This taxon is shown to consist of at least three sibling species in shallow waters. The two most commonly studied of these show highly significant differences in growth rate and oxygen isotopic ratios, parameters routinely used to estimate past climatic conditions; unusual coloration in the third may have confused research on coral bleaching. Interpretation or comparison of past and current studies can be jeopardized by ignoring these species boundaries.
M ONTASTW ANNULARIS (ELLIS and Solander, 1786 ) is the most abundant, wide-ranging, and intensively studied reef-building coral of the tropical western Atlantic (1, 2 ) . Skeletal characters in this species (3, 4 ) are routinely used to assess local and global environmental change (5-7), but temporal and spatial comparisons involving multiple colonies are problematic if the enormous variation in colony morphology shown by this species (1, 8) has a genetic basis. No systematic examination of genetic influences on colony morphology has been attempted, however.
We recognized three often sympatric, discrete morphotypes of M . annularis on Panamanian and Venezuelan reefs using the following criteria in the field: Morphotype 1 (Fig. 1A) has small polyps, and large colonies form groups of columns that widen distally. Living tissue is found mainly on tops of columns, and margins are senescent. Morphotype 2 (Fig. 1B) also has small (x) and standard deviations (SD)]. P values indicate significance for differences among morphotype means (ANOVA) and groups show where significant ( P < 0.05) pair-wise differences between morphotype means occur (NewmanKeds). All characters with statistically significant pair wise differences also showed sigruficant dfferences among morphotypes by nonparametric tests (KrusM-W&s, all P's 5 0.033). AU characters except number of septa entered into the stepwise discriminant function analysis (P < 0.0001 in all cases). Morphotype 2 has the shallowest distribution and morphotype 3 the deepest, but all three commonly occur together in 5 to 10 m depth, where all but the smallest colonies can be unambiguously assigned to morphotype. The sympatric occurrence of discrete morphotypes suggests the presence of unrec- ognized sibling species. Species boundaries in corals are best defined by multiple independent methods (9), so we distinguished the morphotypes using behavioral, biochemical, and micromorphological criteria.
Rapid, contact-induced mortality (here termed "aggression") between paired colonies provides a sensitive assay for detecting sibling species in corals (9, 10). Pairings ( 1 1 ) between colonies of different morphotypes always resulted in conspicuous damage to the subordinate (Fig. lD) , typically within one day, a response never observed between clearly conspecific corals in other studies (10, 12) . Dominance was hierarchical, with morphotype 3 the most aggressive and morphotype 1 the least aggressive without exception. In contrast, intramorph aggression was usually absent and, when present, was significantly delayed and less severe (23). Protein electrophoresis is routinely used to recognize sibling species (34, 25). We reliably scored nine loci (26) , all polymorphic, for the morphotypes of M . annularis and their only sympatric congener, M. cavernosa. These two taxa, thought to have diverged at least 20 million years ago ( 2 7 ) , were readily distinguished at five loci and had an average Nei's unbiased genetic distance of 1.10. Within M. annularis, morphotype 2 was also clearly distinct, with Nei's unbiased genetic distances of 0.24 (for morphotype 2 versus 1) and 0.26 (2 versus 3); this level of divergence is consistent with that reported for congeneric pairs of invertebrates (18). At reefs and depths where all morphotypes occurred in close proximity, the ME-1 locus was diagnostic (14) (P = 0.054, for 2 versus 1, and P = 0.002, for 2 versus 3). These results are not due to cloning, as we found no individuals with identical genotypes. Morphotypes 1 and 3 were much more similar, with a Nei's unbiased genetic distance of only 0.06. Nevertheless, standard clustering algorithms using Rogers' modified genetic distances grouped the four sampled populations of each morphotype before joining morphotypes 1 and 3 (Fig. 2) . At sites of sympatry, the probability of misidentification (14) between morphotypes 1 and 3 is low ( P = 0.056) when four loci (GDH-2, PGM-1, PEP A-1, and PEP D-I) are considered simultaneously.
Systematists have traditionally used skeletal characters of individual corallites to define species of Montastraea ( 1 7). Standard measures (17) (Table 1) were taken from colonies collected from the same reef and overlapping depth ranges (29) . Discriminant analyses ( 2 7) readily separated the morphotypes, even though most differences (including all those separating morphotypes I and 2) were not initially apparent. The morphotypes were significantly different (all painvise P's < 0.001; group covariance matrices not significantly different by Box's M , P > 0.12), and 90%, loo%, and 90% of individual colonies of morphotypes 1, 2, and 3, respectively, were correctly assigned.
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When canonical discriminant function scores were displayed in two dimensions, polygons enclosing all individuals of the same morphotype did not overlap, and there was no tendency for colonies from similar depths to have similar morphologies. Earlier morphologic studies ( 1 7) failed to detect these species because analyses were based primarily on morphotype 2 (20); the only explicit attempt to determine the relation between colony and corallite morphology used a measure of colony shape (21) that would not distinguish these morphotypes efficiently.
The standard, independent techniques we used provide completely consistent and therefore unambiguous confirmation of the specific distinctiveness of the three shallowwater morphotypes of M. annularis (22) . Past failure to distinguish them reflects longstanding emphasis on the importance of nongenetic sources of variation in colony form (8, 23, 24) . Marked sympatric variation in shallow-water colony form, although sometimes noted (1, 8, 24) , has rarely been pursued (7). The unrecognized species are probably widespread, as they can be identified in photographs from elsewhere [for example, Jamaica (7, S)]. We did not study platey forms characteristic of deeper water (25), where additional species may be found.
The morphotypes also differ significantly in growth rates, banding patterns, and isotopic ratios (Table 2 ) (26) . Morphotype 1 showed higher growth rates than the others, whereas morphotype 3 was more often unscorable due to irregular growth. Highly significant differences in average 6"O values are equivalent to those produced by major oceanographic temperature differences of approximately 2.5"C ( 5 ) . Both the 6I8O pattern and the nonsignificant trend for 6I3C are consistent with predictions based on growth rate differences (27) .
Past analyses of growth and isotopic ratios have been primarily based on sections of columns from morphotype 1 or cores from morphotype 2, with morphotype 3 being lumped with either. Thus recognition of differences among morphotypes clarifies poorly understood variation and patterns formerly attributed to environmental effects, such as depressed shallow-water growth rates, unpredictable banding, and regional differences in growth and oxygen isotopic ratios (3, 4, 24) . Studies of bleaching in M. annularis are similarly affected. The scattered pale polyps of morphotype 3 (Fig. 1C) have been classified as bleached, but are probably a natural color pattern (28) . In general, environmental interpretations of differences between colonies, sites and times are suspect without confirmation that only one morphotype was sampled. The methods provided above can be used to identify specimens still available in the field or in collections.
Acceptable signal-to-noise ratios in bioassays depend on accurate species identifications, because substantial biological differences among morphologically similar, sympatric species are common (29) . Applied research is not the only area compromised by failure to recognize sibling species. Much ecological and evolutionary research is also meaningless without reliable taxonomy at the species level, which even well-studied taxa may lack.
pairings. Each class had a minimum of five pairs from the same reef and five pairs from different reefs (one 1-3 interreef pair was later lost). Pairs were distributed in ten groups at a 10-m depth along Aguadargana Reef, with different types of pairings evenly distributed among the groups to avoid confounding location with treatment. Initially healthy areas of paired corals were separated by 1 to 2 nun, and monitored daily. Corals were subsequently collectedwithin a 3-day interval for laboratory analyses.
12. J. C. Lang and E. A. Chornesky, in Coral Reefs, Z. Dubinsky, Ed. (Elsevier, Amsterdam, 1990) , pp. 209-252. 13. After 6 days, only 35% of 60 intramorph pairs showed aggressive reactions; median area damaged for aggressive pairs was 27 mmz with a median delay of 5 days prior to first observation of mortality. In contrast, all 34 intermorph pairings were aqessive, with a median area damaged of 202 mm and a median delay of 1 day. Differences between intraand intennorph aggressive pairs are highly signiiicant (P 5 0.0002, Mann Whitney U tests). Data from intra-and interreef pairings were combined for these analyses as there were no statistically significant differences between them (P > 0.05, Mann
